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The transport of heat and charge in cuprates was measured in single crystals of La2−xSrxCuO4+δ
(LSCO) across the doping phase diagram at low temperatures. In underdoped LSCO, the thermal
conductivity is found to decrease with increasing magnetic field in the T → 0 limit, in striking
contrast to the increase observed in all superconductors, including cuprates at higher doping. In
heavily-underdoped LSCO, where superconductivity can be entirely suppressed with an applied
magnetic field, we show that a novel thermal metal-to-insulator transition takes place upon going
from the superconducting state to the field-induced normal state.
PACS numbers: 74.25.Fy,74.72.Dn
In underdoped La2−xSrxCuO4+δ (LSCO), resistivity
measurements have revealed the field-induced normal
state to be a charge insulator [1]. On the other hand, the
superconducting state of underdoped LSCO is a thermal
metal, in the sense that there is a clear T -linear con-
tribution to the thermal conductivity at T → 0 [2, 3].
Given that in all superconductors investigated to date
(including cuprates) heat transport at T → 0 is always
seen to increase as one goes from the superconducting
state to the field-induced normal state, these two obser-
vations point to a violation of the Wiedemann-Franz law
in underdoped cuprates. Note that this universal law is
violated in the electron-doped cuprate Pr2−xCexCuO4+δ
(PCCO) at optimal doping [4], in that low-temperature
heat conduction was found to exceed the expected charge
conduction by a factor of approximately two. However,
the law is recovered in the strongly overdoped regime [5].
In this Letter, we show the natural assumption that
heat conduction will increase upon going from the super-
conducting state to the field-induced normal state to be
incorrect in underdoped LSCO. Indeed, in the T → 0
limit the thermal conductivity decreases in the vortex
state and the residual linear term drops to a value be-
low our resolution limit in the field-induced normal state.
This argues strongly for a thermally insulating normal
state and reveals a novel thermal metal-to-insulator tran-
sition. These findings shed new light on the nature of
the intriguing state of underdoped cuprates above Hc2,
for which several proposals have been put forward re-
cently, including stripe order [6], d-density wave order
[7] and a Wigner crystal of d-wave hole pairs [8]. As for
the Wiedemann-Franz law, a strict test will prove elu-
sive as transport in both charge and heat channels show
insulating behavior (in the normal state).
Measurements of the thermal conductivity (κ) were
performed down to 40 mK in magnetic fields up to 13
T on single crystals of La2−xSrxCuO4+δ with Sr doping
x = 0, 0.05, 0.06, 0.09, 0.17 and 0.20. All samples were
grown in an image furnace using the travelling solvent
floating zone technique. Sample x = 0 was annealed at
700 oC in flowing argon gas overnight, in order to set
the oxygen content at the stoichiometric O4. Other sam-
ples were not annealed after growth. The samples were
oriented using Laue diffraction and cut into rectangular
samples of typical dimensions of length equal to 1-2 mm,
thickness equal to 0.1-0.3 mm and width equal to 0.4-
1 mm, with the current flowing along the a axis of the
tetragonal unit cell. Electrical contacts to the samples
were made using silver epoxy cured at 500 oC in flowing
O2. (In the undoped sample, argon was used instead of
oxygen.) Silver wires were then attached to the contact
pads using silver epoxy. The error in the geometric factor
resulting from the finite width of the contact pads is less
than 15%. The resistively determined transition temper-
ature Tc is 5.5, 16, 34 and 33.5 K for the x = 0.06 0.09,
0.17 and 0.20 samples, respectively, where Tc is defined
as the temperature where ρ = 0. (Samples with x = 0
and 0.05 are not superconducting.) Thermal conductiv-
ity measurements on the same samples in zero field are
discussed in Ref. [2], along with details of the measure-
ment technique and data analysis. Resistivity was also
measured on these samples using the same contacts.
In Fig. 1 the thermal conductivity is plotted as κ/T
vs. Tα−1, where α is a free fitting parameter. This type
of plot is used to separate the electronic (κel) and lattice
(κph) contributions to κ by making use of their differ-
ent power-law temperature dependences in the T → 0
limit. In the limit T → 0 κel is linear in T for a d-wave
superconductor on account of nodal quasiparticle exci-
tations [9, 10]. Quite generally, a linear contribution to
κ at T → 0 is direct evidence for fermionic excitations.
The phonon contribution can be modeled as κph ∝ Tα
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FIG. 1: κ/T vs. Tα−1 for La2−xSrxCuO4+δ with x as shown. The lines are fits to Eq. 1.
for phonons limited to scattering from the boundaries of
the sample. Note that this in general differs from the
simple T 3 dependence assumed in previous work, a de-
parture which arises from specular reflection of phonons
off smooth crystal faces. Thus, κel and κph can be sepa-
rated by fitting the data at low-temperatures to
κ
T
=
κo
T
+BTα−1. (1)
The two distinct contributions are identified in Fig. 1
as the intercept and slope of the curves, respectively,
when plotting the data as κ/T vs. Tα−1. Eq. 1 pro-
vides an excellent fit to the data for the underdoped sam-
ples. Quite generally for almost any material and sample
we have investigated, this fitting procedure is a definite
improvement upon the standard approach of fitting to
κ/T = κo/T +BT
2, which requires one to typically only
make use of data below 150 mK and often results in an
overestimate of κo/T (see Ref. [2]).
Although Eq. 1 works well for the underdoped samples,
it does not provide a good description of the x = 0.20 and
0.17 data. For this reason, the data for these two more
highly doped samples is plotted simply vs. T in Fig. 1.
The inapplicability of the fit in these two cases is due to a
downturn in the data below about 150 mK, as observable
in Figs. 1a and 1b. These downturns, however, only im-
pact upon the T dependence and not the H dependence
of κ. Thus, although the origin of the downturns remains
uncertain the field dependence can be understood inde-
pendently of the T dependence, which is left as a topic
of future investigation.
Having described our analysis of the data, several ob-
servations can be made. Firstly, in zero field (solid cir-
cles) the data reproduces the results of Refs. [3] and [2]
whereby a finite residual linear term in κ(T ) is resolved
for x ≥ 0.06. This proves the existence of delocalized
zero-energy quasiparticles throughout the superconduct-
ing region. (Among other implications, this essentially
rules out the possibility of a d + ix order parameter,
where x = s or d; see [2, 5].) In other words, the d-
wave superconducting state is a thermal metal at all dop-
ings (see also [2]). Outside the superconducting region,
i.e. below x = 0.055, the residual linear term becomes
extremely small. The power-law fitting procedure de-
scribed above to extrapolate to T = 0 yields a value of
κ0/T = 3 µWK
−2 cm−1 for both the x = 0 and x = 0.05
samples. Now, even though the power-law fit does pro-
vide a good description of the data (see Figs. 1e and 1f),
all the way up to 0.4 K, the fact that κ0/T is 5 times
smaller than the value of κ/T at the lowest data point
(40 mK) means that one has to view the extrapolated
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FIG. 2: κ0(H)/T (normalized to κ(0T)/T ) vs H . For x =
0.20 and 0.17, an isotherm of κ(H)/T at 60 mK is plotted
instead of κo/T . The dashed lines are guides to the eye.
value with caution. The conservative position is to as-
sume that the parent compound x = 0 is a heat insulator
as well as a charge insulator, to regard this minute linear
term of 3 µW K−2 cm−1 as the resolution limit of our
technique (for this series of samples) [11], and to treat
the x = 0 data as our reference (for an insulating state in
LSCO crystals). We emphasize that the x = 0.05 sample
is no more conductive than the parent compound (see
Fig. 2), and hence is also taken to be a thermal insula-
tor. By contrast, the linear term in the x = 0.06 sample
(at zero field), of magnitude 12 µW K−2 cm−1, is clearly
above the reference limit (by a factor 4) and is thus un-
ambiguously a thermal metal.
This brings us to the second, and principal observation
that κ decreases with increasing field for the underdoped
samples (x = 0.06 and 0.09). In Fig. 2, the field evolu-
tion of κel/T is shown at fields intermediate between 0
and 13 T, as κo/T for LSCO x = 0.06 and 0.09, and as
isotherms of κ/T at 60 mK for x = 0.17 and 0.20 (be-
cause of the previously stated difficulties in extrapolating
to T=0 the data for these two samples). By contrast to
the underdoped samples, the electronic heat conductivity
in the more highly doped samples (x = 0.17 and 0.20) in-
creases with field, as it does in all known superconductors
at T → 0 [12]. This increase in κ at 60 mK is qualitatively
consistent with the T = 0 field dependence observed in
optimally doped YBCO [13], which is roughly
√
H and
described by semi-classical models [14, 15]. Note that
κ is totally independent of magnetic field in our refer-
ence sample (x = 0), as in the x = 0.05 sample. This
shows that field dependence is a property of the super-
conducting state. We can therefore use this criterion to
establish that the non-superconducting normal state is
reached in the bulk by 11 T in sample x = 0.06. Indeed,
as seen in Fig. 1d, a further increase of the field to 13 T
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FIG. 3: a) Low-temperature resistivity of LSCO with x =
0.06 in magnetic fields of 6, 8, 9, 10, 11, 12, 13, 15 and 16 T.
By 12 T the superconducting transition has been suppressed
to below 40 mK. Inset: Resistivity of LSCO with x = 0.05 on
a semi-log scale. b) κo(H)/T vs. H for LSCO with x = 0.06.
κo/T is also shown for x = 0 and 0.05 at zero field. The dotted
line represents the estimated resolution of our experiment (see
text). The error bars are statistical errors in the fitted values
of κo/T and do not include errors in the geometric factors
(which do not change with field) or systematic errors in the
fitting procedure (discussed in the text). The dashed line is
a guide to the eye.
causes no further change in κ. This claim is supported
by resistivity measurements, shown in Fig. 3a, where the
resistive onset of superconductivity is entirely absent for
fields of 12 T and above (down to 40 mK). We take this
as an additional indication that the field-induced (non-
superconducting) normal state has been reached by 13 T
at x = 0.06 (in the bulk). A zoom on the x = 0.06 data
4is shown in Fig. 3b, where we can see that κ0/T drops
by a factor 4 from H = 0 to H = 13 T, where it reaches
a value equal to that of the reference sample, namely
κ0/T = 3 µW K
−2 cm−1. We conclude that the field-
induced normal state in underdoped LSCO is a thermal
insulator. This implies the existence of an unprecedented
kind of thermal metal-to-insulator transition. The super-
conducting state is a thermal metal by virtue of its delo-
calized nodal quasiparticles, while the field-induced nor-
mal state in the same sample is a thermal insulator, with
either no fermionic excitations or localized fermionic ex-
citations. The well-known crossover from charge metal to
charge insulator, identified as the change from a positive
dρ/dT at low T near and above optimal doping to a nega-
tive dρ/dT in underdoped LSCO [1], now finds a parallel
in the heat sector where the metal-insulator crossover is
identified as the change from a positive dκ/dH at low T
to a negative dκ/dH (see Fig. 2).
The fundamental question is: what does this imply for
the nature of the field-induced normal state in under-
doped cuprates? The answer to this question depends on
the role of disorder. Is the “normal” state intrinsically
metallic, with fermionic excitations which would be delo-
calized in the absence of disorder? If so, an explanation
must be found for why quasiparticles escape localization
in the superconducting state. Alternatively, is the nor-
mal state intrinsically insulating, with no fermionic exci-
tations (at low energy)?
A tantalizing possibility is that the thermal metal-to-
insulator transition is a signature of a competing order
that co-exists with superconductivity (see for example
[7, 16, 17]). In this picture the application of a field sup-
presses superconductivity and thereby allows the compet-
ing phase to define the ground state excitations. Some
candidates for the competing phase are thermal insula-
tors (e.g. antiferromagnetic order, Wigner crystal), while
others are thermal metals (staggered flux phase, spin-
charge separation). The doping evolution of the field
dependence of κ with increasing doping follows naturally
from the decreasing importance of the competing order.
For instance by x = 0.17 the ground state may have al-
ready undergone a quantum critical transition to a state
where the only ordered state is that of the d-wave super-
conductor, thus accounting for the recovery of the con-
ventional increase in κ with field. One way to possibly
distinguish between the two scenarios for the origin of
insulating behavior is to reduce the level of disorder and
see whether a thermal metal is uncovered.
In closing we mention that because of the insulating
character of both heat and charge conduction in x =
0.06 at 13 T, it is technically not possible to perform a
real test of the Wiedemann-Franz law. Consequently, the
possibility that the two conductivities cease to be equal
as they are in overdoped Tl-2201 [5] but rather diverge
as they do in PCCO [4] is still an open question.
In summary, we have observed in underdoped LSCO
a decrease in thermal conductivity with magnetic field
upon going from the superconducting state to the field-
induced normal state. We show that this result is due
to a novel thermal metal-to-insulator transition. By con-
trast, for optimally and overdoped LSCO the thermal
conductivity increases with field, as it does in all other
known superconductors. These results impose clear con-
straints on models of the field-induced normal state of
underdoped cuprates, and are expected to help distin-
guish between various proposed phases that are postu-
lated to compete with superconductivity in this part of
the phase diagram. To this end, it will be important to
understand the role of disorder.
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